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A B S TRA C T  Ventral  photoreceptor  cells  bathed  in  an  organ  culture  medium 
typically have resting potentials of -85  mV and  membrane resistances of 35  M12 
and, when dark-adapted, exhibit large potential fluctuations (LPFs) of 60 mV and 
small  potential  fluctuations  (SPFs)  of <30  mV.  LPFs appear to be regenerative 
events triggered by SPFs, the well-known quantum humps. In the dark, SPFs and 
LPFs occur spontaneously. At intensities near threshold, the rate of occurrence is 
directly proportional to light intensity, indicating that SPFs and LPFs are elicited 
by single photon events. At higher intensities,  SPFs and LPFs sum to produce a 
receptor potential  that  is graded  over approximately a  9-log-unit range of light 
intensity.  Amplitude  histograms  of  the  discrete  potential  waves  are  bimodal, 
reflecting the SPF and LPF populations. Histograms of current waves are unimo- 
dal. SPFs and LPFs are insensitive to  1 /zM tetrodotoxin. I-V characteristics show 
initial inward currents of -15 nA for voltage clamps to -40 mV and steady-state 
outward  currents  for all  clamp  potentials.  Photoreceptor cells bathed  in  organ 
culture medium retain these properties for periods of at least 75 days. 
INTRODUCTION 
The ventral photoreceptor cells of Limulus  are well suited for the study of basic 
phototransduction  mechanisms  (Millecchia  et  al.,  1966).  Located  along  the 
lateral olfactory nerve,  these cells are often isolated from one another and  are 
usually  large  enough  to  permit  impalement  with  several  microelectrodes.  In 
addition, they may be illuminated directly without the interference of screening 
pigments or  a  lens  structure.  Partly because of these  features,  a  great  deal  is 
now known about the physiology of the  photoreceptors, including information 
on the ionic mechanisms contributing to the basic light response (Millecchia and 
Mauro,  1969 a, b), cellular processes underlying adaptation (Lisman and Brown, 
1972,  1975; Brown and Blinks,  1974;  Fein and DeVoe, 1973;  Fein and Charlton, 
1975;  Fein  and  Lisman,  1975),  and  the  sensitivity of the  cells  to chemical  and 
pharmacological agents (Millecchia,  1969). 
In the present study we examine the properties of the ventral photoreceptor 
cells in an organ culture  medium. The results are compared with what we and 
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others have found when recording from the cells in artificial seawater or Limulus 
Ringer's solutions.  The  impetus  for our  study came  from experiments  which 
showed  that  the  physiological properties  of the Limulus  lateral  eye in situ  are 
significantly  altered  when  the  eye  is  excised  from  the  animal  (Barlow  and 
Kaplan,  1971,  1977;  Kaplan and Barlow,  1975).  Later experiments by Kaplan et 
al. (1973)  and Bayer (1975) demonstrated that the deleterious effects of excision 
can be averted by bathing the lateral eye in an organ culture medium. 
We show that the same organ culture medium can maintain the physiological 
characteristics  of ventral  photoreceptor  cells  for  periods  of at" least  75  days. 
Typical physiological characteristics in organ culture include resting potentials 
of  -85  mV,  cell  membrane  resistances  of  35  M~,  and  large  regenerative 
potentials at low levels of illumination.  These properties are not typical of cells 
bathed in seawater. 
METHODS 
Biological Preparation 
The lateral olfactory nerves, along which lie the ventral photoreceptors, were dissected 
from the animal and de-sheathed either in organ culture medium or in artificial  seawater 
depending  upon  the  experiment.  The  nerve  preparation  was  then  immersed  in  the 
appropriate bathing medium in a petri dish which was covered and stored in the dark at 
2~  On the experiment day, usually 1-7 days after the dissection, the nerve was removed 
from the petri dish and pinned with fine glass needles to the Sylgard base (Dow Corning 
Corp., Midland, Mich.)  of a Plexiglas  chamber. The connective tissue  remaining on the 
cell bodies was softened by a 60-s treatment with 2%  Pronase (Calbiochem, San Diego, 
Calif.)  in  buffered  seawater  (pH  7.3).  The  nerve  was  then  placed  in  the  recording 
chamber containing the desired bathing medium. 
Composition  of Bathing Media 
Table I gives the composition of a  100-ml vol of the organ culture medium used in our 
experiments.  This medium proved to be the  most effective of the seven tested on the 
excised lateral eye of Limulus (Bayer, 1975). The effectiveness of a medium was assessed 
by the extent to which intracellular records from the lateral eye bathed in the medium 
resembled those  from the lateral  eye in situ  (Kaplan et al.,  1973; Barlow and  Kaplan, 
1977).  We  settled  upon  this  indirect  method  for  screening  culture  media  primarily 
because ventral photoreceptor cells in situ are not accessible for intracellular recording. It 
appears reasonable to assume that the medium found most effective for lateral eye cells 
will also be effective for ventral photoreceptor cells. 
The final salt concentrations in the culture medium in Table I are 410 mM NaC1, 9.0 
mM KC1, 9.3 mM CaC12, 7.0 mM MgCla, and 23.8 mM MgSO4. These values are based on 
the concentrations of major ions of Limulus serum (Parker and Cole, 1940). The medium 
had  a  pH  of 7.3  and  osmolality of 900  mosmol (Bayer,  1975). The concentrations of 
retinal and tocopherol are derived from the tissue  culture studies of the ocular discs of 
Drosophila (Gottschewski,  1960). The glucose and penicillin-streptomycin concentrations 
are those used by Wolff (1963) for studying the structural integrity of explanted Limulus 
organs. 
The final salt concentrations for the artificial  seawater perfusate are 430 mM NaCI, 10 
mM KC1, 10 mM CaCI~, 20 mM MgCI~, and 27 mM MgSO4. The perfusate was buffered 
to pH 7.3 with 36 mM Tris-OH and  HCI. The recording chamber for all experiments 
had a volume of -1 ml and was perfused with a gravity feed system kept at 20~ BAYEn AND BARLOW Photoreceptor  Cells of Limulus in Organ Culture Medium  541 
Electrical Recording and Voltage Clamp 
Glass micropipettes were made from partition Theta tubing (William Dehn, Spencerville, 
Md.) and filled with 3 M KCI. Electrodes for recording the cell potential had resistances 
of 20-30 MI-I, measured in seawater. Electrodes for passing current under voltage-clamp 
conditions had a  resistance of-10  MI-I. The bath was connected to ground through a 3 
M  KCl-agar  salt  bridge,  Ag-AgCI wire  electrode  combination.  For  experiments  not 
involving voltage clamp, the recording electrode was connected to a high impedance DC 
bridge amplifier with capacitance compensation and  10-fold gain (Electronics Laborato- 
ries, The Rockefeller University). The amplifier contained a constant current source for 
passing  currents  into  the  cell  through  the  recording  electrode.  The  output  of  the 
TABLE  I 
ORGAN  CULTURE  MEDIUM 
Component  Volume 
ml 
NaCl (2,750 mM)  10 
KCI (37 mM)  10 
CaCI2.2 H20 (80.5 raM)  10 
MgCI,-6 H20 (70 raM)  10 
MgSO4.7 H,O (230 raM)  10 
Medium 199 w Hanks salts (10x)*  10 
Horse serum*  10 
Glucose (300 raM)  5 
L-Glutamine (200 mM)*  1 
Retinol (trans)w  (2 g/liter)]l  1 
Tocopherolw  (200 rag/liter)[]  1 
Penicillin-streptomycin  (10,000 Units/cm  8)  2 
HEPESw (50 mM)  1 
TESw (50 raM)  1 
H20  18 
Total volume  100 
* Grand Island Biological Co., Grand Island, N.Y. 
Glutamine is unstable and readily divides into glutamic acid and ammonia. 
Therefore, glutamine was excluded from stock solutions and added directly to 
the culture at the time of an experiment. 
w  Sigma Chemical Co., St. Louis, Mo. 
II Because neither retinol nor tocopheral are directly water soluble, the following 
procedures were used to make up the stock solutions. 100 mg retinol was added 
to 1 ml 100% ethyl alcohol, and the solution was diluted 50 times with H20. 100 
mg tocopherol (vitamin E) was added to 10 ml 100% ethyl alcohol. This solution 
was then diluted 500 times with H20. 
amplifier could be displayed by a storage oscilloscope (DI3, Tektronix, Inc., Beaverton, 
Ore.) and (or) by a pen recorder with a bandwidth of ~100 Hz (Brush model 220, Gould, 
Inc., Measurement Systems Div., Oxnard, Calif.). 
I'he circuit used for voltage-clamping single photoreceptor cells is given in Fig. 1. Two 
high  impedance,  capacity-compensated preamplifiers,  P~  (10-fold  gain)  and  P~  (unity 
gain),  monitored  the  membrane  potentials  recorded  from  the  voltage  and  current 
electrodes, respectively. Voltage-clamp records were taken only from cells for which the 
amplitude  and  time-course  of  recorded  membrane  events  were  the  same  for  both 
electrodes. Following PI is a compensation phase-lead network which served to stabilize 
the  closed-loop  system  and  also  to  produce  a  critically  damped  cell  response  to 542  THE  JOURNAL OF  GENERAL  PHYSIOLOGY  "  VOLUME  72  -  1978 
rectangular  command  inputs.  Amplifier A3  was  included  for  isolation. The  negative 
feedback amplifier combination of A4 (Model 40j, Analog Devices, Inc., Norwood, Mass.) 
and As (Model 1022, Teledyne Philbrick, Dedham, Mass.) provided an overall gain of up 
to  10,000.  The time required to clamp the membrane  potential to a  final value was ~ 1 
ms. A 3 M KCl-agar salt bridge connected the bath surrounding the nerve preparation to 
amplifier A6 (40j, Analog Devices), the output of which was equal to the negative of the 
membrane  current  (--IM)  times  the  feedback  resistance.  A7  (40j,  Analog  Devices) 
amplified (10-fold) and inverted the output of An and was followed by a  low pass filter 
with  a  time  constant  of 0.I-10  ms.  Command  potentials  were  rectangular  voltages 
delivered from a Tektronix 162 waveform generator and filtered with a time constant of 
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FIGURE  1.  Schematic diagram  of voltage-clamp circuitry. The  cell voltage (VM) 
was monitored by amplifiers P1  (10-fold gain) and P2 (unity gain). Under voltage 
clamp,  voltages  proportional  to  the  cell  potential  and  command  inputs  were 
compared  by  differential  amplifier  A4.  The  output  of  A4  was  amplified  and 
inverted by feedback amplifier A5 which in turn passed current through the cell in 
a  direction tending to minimize the voltage difference at the input of A4.  A  salt 
bridge connected the bath of the recording chamber to the virtual ground input of 
A6 which in combination with A7 monitored the cell membrane current (lu). 
0.5  ms.  To  reduce  capacitive coupling, an  aluminum  foil shield connected  to  ground 
surrounded the current passing electrode and lead. 
Optical Stimulation and Calibration 
The light source was a 45 W Quartzline lamp (type Q 45 T  2Wz CL, General Electric Co., 
Schenectady, N.Y.) regulated at 6 A by a DC power supply. Condenser lenses focused an 
image of the filament in the aperture of a Uniblitz shutter (Vincent Associates, Rochester, 
N.Y.), which delivered flashes with rise times of l  ms and durations as short as 5 ms. An 
aperture  located  at  the  condenser  lens  was  imaged  onto  the  stage  of  a  compound BAYER AND  BARLOW  Photoreceptor  Cells of  Limulus in Organ Culture Medium  543 
microscope, providing a uniform field of illumination at the level of the preparation. 
The unattenuated beam provided 70 /zW/mm  2 between 400 and 700 nm which corre- 
sponds to about 10  .2 photons/s per cell (assuming a somal area of 10  -2 ram2). The optical 
system was calibrated with a silicon photodiode (PIN10DF, United Detector Technology, 
Inc., Santa Monica, Calif.). For threshold measurements the wavelength composition of 
the  light  was  restricted  to the  region  of peak  spectral  sensitivity for the  ventral  eye 
(Millecchia,  1969) by  an  interference  filter  (540-.+15 nm,  Bausch  &  Lomb,  Scientific 
Optical Products Div., Rochester, N.Y.). The transmission characteristic of the interfer- 
ence  filter was  determined  with  a  spectrophotometer (model  14,  Cary  Instruments, 
Varian  Associates,  Palo  Alto,  Calif.).  With  the  filter  in  place,  the  output  of  the 
unattenuated beam was 1.8/zW/mm  2 at the level of the preparation. This corresponds to 
a flux of 4.8  ￿  10  l~ photons/s per cell. The beam was attentuated with neutral density 
filters (Oriel Corp of America, Stamford, Conn.)  which  were also calibrated with the 
Cary spectrophotometer. 
RESULTS 
Organ Culture  Medium vs. Seawater 
RESTING  POTENTIAL  AND  MEMBRANE  RESISTANCE  When  a  single  micropi- 
pette penetrated a dark-adapted ventral photoreceptor cell in the organ culture 
medium, a  resting potential of between  -65 and  -120 mV was recorded. The 
average resting potential  from a  random  sample  of 20 cells was  -85.3  -+  10.2 
inV. The membrane resistance of these cells, measured at resting potential with 
small current pulses from a bridge amplifier, ranged from 20 to 50 M~ with an 
average value of 35  --- 7.3 MI~. The time constant of the cells, determined with 
0.2-nA depolarizing current steps, was -350 ms. The cell capacitance, calculated 
from these values, was 0.01/~F. 
In seawater, cells typically had a resting potential of -  -55 mV, a  membrane 
resistance  at  resting potential  of 8  MI~,  and  a  time constant  of 75  ms.  These 
values  are  in  general  agreement  with  those  of other  studies  using  a  bathing 
medium  of artificial seawater (e.g.,  Millecchia and  Mauro,  1969 a).  If current 
was  passed  to  hyperpolarize  a  cell  10-15  mV  below  resting  potential,  the 
resistance often increased to 20-30 MI-I.  When  this did  not occur, the cell was 
often relatively insensitive to light. Similar effects have been reported by Lisman 
and Brown (1971) who found that I-V characteristics for the photoreceptor cells 
generally contained a  slope resistance of 8-30 MI-I for 10 mV hyperpolarization 
from  resting  potential.  They  suggested  that  cells  were  damaged  when  their 
slope resistance was significantly smaller than this value. 
DISCRETE WAVES  Fig.  2  shows  a  typical  intracellular  recording  from  a 
dark-adapted  ventral  photoreceptor cell  in  the  organ  culture  medium.  Dim 
illumination elicited two populations of discrete waves. These waves share many 
characteristics  with  those  recorded  from  retinular  cells in situ  by Barlow  and 
Kaplan (1977), and therefore we shall follow their terminology and refer to the 
two  populations  as  large  potential  fluctuations  (LPFs)  and  small  potential 
fluctuations (SPFs). For an individual cell the LPFs were of constant amplitude, 
rising from the cell resting potential  to  -  -25  mV transmembrane  potential. 
The average LPF amplitude for a  sample of 30 cells was 60 +  12.8 inV. For all 
cells the distribution of sizes of SPFs was continuous. The range depends upon 544  ThE  JOURNAL  OF"  GENERAL  PHYSIOLOGY ￿9 VOLUME  72 "  1978 
the resting potential of the cell and extends roughly from 0 to {{Resting Potential 
(mY) I -60}.  SPFs  decayed  exponentially with  a  time  constant  of 200-500  ms 
which appeared to be related to the membrane resistance of the cell. Both SPFs 
and  LPFs occurred spontaneously in  the  dark  and  could be elicited with  dim 
illumination. 
In  artificial  seawater  the  photoreceptor  cells  typically  exhibited  a  single 
population of discrete waves with amplitudes <  -15 mV. However, cells having 
a membrane resistance that was strongly dependent on membrane potential (see 
Lisman and  Brown,  1971)  could be hyperpolarized to produce both SPFs and 
LPFs.  Hyperpolarization  produced  no  change  in  the  amplitudes  of discrete 
waves for cells with membrane resistances which were relatively independent of 
membrane potential. 
VIABILITY MEASUREMENTS  Fig.  3  shows  the  response of a  ventral photo- 
receptor cell that was stored for 75 days in organ culture medium in darkness at 
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FXGURE 2.  LPFs and SPFs  of a ventral photoreceptor cell bathed in  the organ 
culture medium. Record taken after 30 min of dark adaptation.  Cell  was illumi- 
nated with white light at log I  =  -8.5. Shown are three LPFs of ~60 mV and a 
population of SPFs-the well-known quantum bumps. The cell resting potential 
was -85 mV. 
2~  The only apparent physiological change in this and in other preparations 
stored  for more than  30 days was  a  slight decrease in  the  response to a  fixed 
intensity flash. The decline in sensitivity for such preparations was usually  <1 
log unit.  No  changes  in  sensitivity were detected  for cells stored  <30  days in 
culture medium. 
Photoreceptor cells stored in artificial seawater at 2~  in the dark remained 
viable  for  up  to  4  days.  Longer  storage  periods  generally  yielded  cells  with 
reduced resting potentials and lower responses to fixed test flashes.  After ~6 
days in seawater at 2~  in the dark, cells had no detectable resting potentials or 
light  responses.  These  viability  results  are  based  on  preparations  stored  in 
culture medium and in artificial seawater for various periods in the dark. 
To determine the possible effects of light exposure on photoreceptor viability, 
preparations  were stored at 20~  in culture medium  and  in artificial seawater 
for 24 h  under relatively intense illumination (~ 10  ~~ photons/s at the surface of BAYER AND BARLOW Photoreceptor  Cells of Limulu.~ in Organ Culture Medium  545 
the photoreceptor).  Fig. 4 shows that after 30 rain of dark adaptation a cell from 
a  preparation  bathed in seawater exhibited a  significantly lower response than a 
cell  bathed  in  culture  medium.  These  are  typical  results  for  preparations 
exposed  to  intense  illumination  for  a  24-h  period.  Shorter  exposure  periods 
AFTER  75  DAYS  IN  ORGAN  CULTURE 
_..I  I  J  20 rnV 
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FIGURE 3.  Light response of a  ventral photoreceptor after 75 days of storage in 
the  organ  culture  medium.  Cell  was  dark  adapted  for  ~30  rain  before  being 
illuminated with white light at log I  =  -7.  Resting potential of the cell was  -115 
inV. The LPFs had an amplitude of -90 inV. 
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FIGURE 4.  Effect of 24  h  of light exposure  on  the  responses  of photoreceptor 
cells stored in culture medium and in artificial seawater. Responses are shown for 
one  preparation  stored  in  the  culture  medium  and  another  stored  in  artificial 
seawater, both dark adapted for 30 min before the test flashes. The cell bathed in 
culture medium had a resting potential of -70 mV, generated LPFs, and exhibited 
a normal response to dim illumination. The cell in seawater had a resting potential 
of -30 mV, did not generate LPFs, and was relatively insensitive to light stimuli. 546  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  72  ￿9 1978 
generally yielded smaller reductions in the responses from cells in seawater and 
near normal responses from ceils in culture  medium. Longer exposure periods 
were not tested. 
INTENSITY-RESPONSE CHARACTERISTICS  Fig.  5  gives  the  responses  of  a 
typical  cell  in  the  culture  medium  to  10-s  flashes  covering  a  large  range  of 
intensities.  The cell was dark adapted  for 30 rain at the beginning of the series 
and  for  3  min  between  each  test  flash.  The  lowest  test  intensities  elicited 
individual LPFs and SPFs, At moderate-to-bright intensities the receptor poten- 
tial contained both transient and steady-state components, 
LOG  I 
-I  -5.5 
-  2  -6.5 
-3.5  -7.5 
-4.5  -8.5 
5s 
FIGURE  5.  Responses  of  a  ventral  photoreceptor  cell  in  culture  medium  over  a 
large range of light intensities. Responses are shown to 10-s flashes of white light. 
At log I =  -8.5 the response consists of LPFs and SPFs. At log I =  -6.5 LPFs are 
not observed and  a  noisy receptor  potential  has formed which does not show  a 
transient phase. A distinct transient is first observed at log I  =  -5.5.  Cell  resting 
potential was -85 mV. 
Fig. 6 plots the time-averaged amplitude of the steady-state component of the 
receptor  potential  as  a  function  of  light  intensity.  The  filled  circles  were 
measured  from the  records  in  Fig.  5  and  the  unfilled  circles were taken  from 
records  of  a  representative  cell  in  seawater.  We  note  that  integrating  the 
receptor  potential  to  produce  the  intensity  function  for  steady-state  response 
does not  indicate  the  potential fluctuations  that occur in  the  responses  to dim 
light intensities  (see  Barlow  and  Kaplan,  1977).  The intensity  function  for the 
cell in  organ culture  in  Fig.  6  extends  over at least a  9-log-unit range  of light BAYER  AND  BARLOW  Photoreceptor  Cells of Limul~ in Organ Culture Medium  547 
intensity.  At both high and low light intensities the cell's response grew roughly 
in proportion  to log I. At intermediate intensities  the time-averaged responses 
changed only slightly with light intensity. In contrast, the response of the cell in 
seawater was graded over about an 8-log-unit range, increasing in proportion to 
log I  at intermediate and high intensities.  The time-averaged potential  was <1 
mV for intensities dimmer than log I  =  -6. No plateau in the intensity-response 
function was apparent at intermediate intensities. 
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FIGURE 6.  Intensity function  for steady-state response of dark-adapted  cells in 
seawater and in culture  medium. Steady-state response was defined as the time- 
averaged depolarization  from resting  potential  over the  last 5 s of a  10-s flash. 
Resting potential of the cell in culture medium was -80 mV and amplitude of its 
maximal steady-state response was 60 mV at log I  =  0. Mean receptor potential in 
the plateau region was 45 mV above resting potential. Cell in seawater had a resting 
potential of -  -55 mV and gave a maximal steady-state response of 35 mV at log I 
=  -  1 and 0. Data points at log I =  -8.5, -9.0, and -00 may be somewhat fortuitous 
because the responses at these intensities were variable. Time-averaged depolari- 
zation  of the cell in  seawater in  the  dark (log I  =  -09  was only a  fraction of a 
millivoh and is not plotted. 
Table  II  summarizes  the  characteristic  properties  of  cells  in  the  culture 
medium and  in  artificial seawater.  For the  most part,  the  physiological results 
recorded  from cells in artificial seawater are in agreement with those reported 
by other investigators (see, for example, Millecchia and  Mauro,  1969 a; Lisman 
and  Brown,  1971;  Fein and  DeVoe,  1973).  We wish to emphasize that Table II 
gives typical properties for the  two experimental conditions  and  that,  with  the 
exception  of  enhanced  viability,  all  of  the  physiological  properties  which 548  THE JOURNAL  OF  GENERAL  PHYSIOLOGY " VOLUME  72  ￿9  1978 
characterize a cell in the culture  medium are occasionally recorded from cells in 
seawater. 
The physiological differences between ventral photoreceptor cells in seawater 
and  those in culture  medium (Table II) parallel to some extent the differences 
between  retinular  cells  in  excised  eyes and  those  in  eyes in  situ  (Barlow  and 
Kaplan,  1977).  Excising  the  lateral  eye  generally  abolishes  the  LPFs  and 
decreases  both  the  membrane  resistance  and  membrane  potential  of  the 
retinular  cells.  However,  such  changes  can  be averted  by bathing the  excised 
lateral  eye  in  culture  medium  (Kaplan  et  al.,  1973)  as  we  have  done  fi)r  the 
ventral photoreceptors. 
LINEARITY  OF  RESPONSE  RATE  NEAR  THRESHOLD  Fig.  7  shows  that  near 
threshold  the  frequency  of occurrence  of discrete  waves,  LPFs  and  SPFs,  is 
directly proportional to the  light intensity incident on a  single ventral photore- 
ceptor  in  culture  medium.  Direct  proportionality  is  indicated  on  the  log-log 
coordinates  by  the  straight  line  with  a  slope  of  1.0.  The  detectable  range  of 
proportionality is  1,0-1.5 log units of light intensity. Above this range individual 
TABLE  II 
PHYSIOLOGICAL PROPERTIES OF VENTRAL PHOTORECEPTOR CELLS IN 
ORGAN CULTURE  MEDIUM AND SEAWATER 
Physiological  property  Artificial seawater  Organ culture 
Resting potential  -55  -85 
Resting membrane resistance, M l)  8  35 
Discrete waves, rnV  < 15  LPFs  SPFs 
60  <30 
Shape  of  intensity  function  for  No plateau  Plateau  at intermediate  light in- 
steady-state response  tensities 
Viability of photoreceptor 
Dark, days  <7  >75 
Light, h  <24  >24 
discrete waves were difficult to resolve and reliable measurements could not be 
made.  Plotting  the  frequency  of  occurrence  of  LPFs  as  a  function  of  light 
intensity  yields  a  range  of  proportionality  of  about  0.75  log  units.  Direct 
proportionality  between  LPF rate  and  light intensity  is  strong evidence  that  a 
single photon absorption can elicit an LPF. 
FREQUENCV-OE-RESPONSE  CURVES  Further  information  on  the  energy 
requirements  at  threshold  can  often  be  derived  from  frequency-of-response 
measurements of the  type shown in  Fig.  8.  The filled circles give for each  test 
intensity the proportion of flashes that elicited one or more discrete waves, LPFs 
or SPFs. The abscissa gives an estimate of the number of photons absorbed per 
flash by the  visual pigment of the  photoreceptor cell.  The estimates are based 
on a  somal cross-sectional area of 10  -2 mm  2 and a  visual pigment absorption of 
0.5%  (Murray,  1966). The curves are the Poisson sums, P~,,a~ for n  =  1 and n  = 
2 computed from the equation: 
~__n e_aa  ~  n-i e_aa ~ 
Pc,.o,=  =  x.,  =I-Z  ￿9 
a:'=0 549 
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This equation gives the probability that at least n  photons are absorbed from a 
flash that delivers a  absorbed photons on the average, Increasing the value ofn 
increases the slope of the sigmoid curve. The shape of the curve is characteristic 
of the threshold n  when the number of photons involved is small. This analysis 
provides a  lower limit to the estimation of threshold  (Pirenne,  1967). The good 
fit in Fig. 8 between theory and experiment suggests that one absorbed photon 
elicited a discrete wave. The abscissa values indicate, however, that the threshold 
for eliciting a discrete wave was 12 absorbed photons. This discrepancy, which is 
similar to  that  for other cells,  may be a  measure of the  quantum  efficiency of 
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FIGURE 7.  Linearity in  the  rate of discrete waves of low light levels.  Each  data 
point represents the average total rate of discrete waves (LPFs and SPFs). For three 
lowest intensities the data points are based on 10 flash presentations of about 1 rain 
each at 540 nm. For the three highest intensities, the data points represent averages 
over five flash presentations of about 1 rain each. The variability in rate was about 
four discrete waves/rain for each of the data points. Log I  =  -8.5 corresponds to 
about 50 absorbed photons/rain. The line has a slope of 1.0. When SPFs are deleted 
from the data and only the rate of LPFs is plotted (not shown), the points deviate 
from the line for intensities above log I =  -7.8. The close fit of the data to the line 
is consistent with the result of Fig. 8, single photons elicit single discrete waves. 
eliciting discrete  waves or it may reflect an  error in estimating the  number  of 
absorbed photons. 
Histograms of Discrete Waves 
Dim illumination  elicits both  LPFs and  SPFs  from dark-adapted  cells in organ 
culture.  Under  voltage clamp the cells respond  with discrete waves of current, 
typically 50-100  ms in duration  and  5 nA in amplitude.  The peak amplitude of 
current waves for different cells ranged from ~2.5 to 10 hA. The total number 
of current waves elicited during a  series of 60-s clamp periods was equal to the 
total  number  of  voltage  waves  (LPFs  and  SPFs)  elicited  over  equal  periods 550  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  72 ￿9 1978 
without clamp. A change from the voltage-clamped to the unclamped condition 
therefore  produced  no  change  in  the  average  rate  of discrete  waves.  Fig.  9 
shows amplitude histograms of discrete waves for the clamped and unclamped 
conditions.  The  bimodal  distribution  for the  unclamped  condition  reflects  the 
LPF and SPF populations. The distribution under clamp is unimodal. 
Fig.  10 gives the amplitude histograms of current waves for a cell in darkness 
and at three levels of light intensity.  The spontaneous rate in the dark for the 
cell  was  -10  current  waves/min,  a  higher  rate  than  normally  found.  The 
amplitudes of the current waves range up to 9 nA. The shapes of the histograms 
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FIGURE 8.  Frequency-of-response curve  for a  ventral  photoreceptor cell in cul- 
ture  medium.  The  relative frequencies  (O)  of eliciting discrete wave  responses, 
both SPFs and LPFs, at the flash intensities plotted on the abscissa. The two curves 
are the theoretical Poisson sums computed from Eq.  1 for n  =  1 and 2.  Each data 
point represents  the  percentage  response  to 25  flashes,  wavelength 540  nm  and 
duration 10 ms, minus the average rate of spontaneously occurring discrete waves. 
Responses  were  counted  during  the  1-s  period  after  flash  onset.  Spontaneous 
events were  noted  during the  1-s period preceding the test flashes. Spontaneous 
events  occurred  in  <  4%  of  the  count  periods.  On  the  abscissa the  estimated 
number  of photons absorbed per flash is based on  a  10 -~ mm  ~ cell soma and  an 
absorption coefficient of 0.5%. One absorbed photon/flash corresponds to a  10-ms 
flash (540 nm) of log I  =  -6.4. 
are approximately  unimodal  and  are  not strongly influenced by light intensity 
with  the  possible exception  of current  waves  of <l.0  nA.  Such  waves  appear 
relatively more  numerous  in darkness and at log I  =  -9  in Fig. 9; however, we 
do not know as yet if this population  of waves is significantly distinct from  that 
generated  at higher intensities. 
Large Potential Fluctuations (LPFs) 
Fig.  11  shows  an oscillograph record  of six LPFs and  one  SPF elicited by brief 
flashes. The  base line represents  the resting potential of the impaled cell,  -90 BAYER AND BARLOW  Photoreceptor (,'elL~" of Limulus  in Organ Culture Medium  551 
inV. The LPFs are often preceded by slow depolarizing potentials, presumably 
the SPFs. The slow prepotential is followed by a fast component which rises at 5 
V/s and does not overshoot zero membrane potential. The repolarization phase 
has three components: the first decreases 8 mV at ~  -3 V/s; a  notch precedes 
the second phase which decays at ~300 mV/s. The final phase (not shown here) 
decays  exponentially  with  a  time  constant  of 200-500  ms  which  appears  to 
depend upon the membrane resistance of the cell. The LPF is often followed by 
an afterhyperpolarization of up to 5 inV. 
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FmURE  9.  Amplitude  histograms  of discrete  waves. Cell was bathed in the organ 
culture  medium  and  illuminated  with  dim  white  light  (log  I  =  -8.5).  At  this 
intensity the total rate of" discrete waves averaged -0.5/s.  Both LPFs and SPFs were 
elicited under  the  unclamped  condition.  There  were  no  discrete waves  (bumps) 
with  amplitudes from  12  to  35  inV.  When  the  same cell was voltage-clamped, a 
continuous  distribution  of  current  waves  (bumps)  between  0  and  2.7  nA  was 
elicited. This range of current-wave sizes is smaller than normal. The data for each 
condition  was  collected  over  about  a  5-rain  period.  Over  this  period  the  total 
number  of events (discrete waves) was  126 for the voltage clamp and  123  for the 
unclamped condition. LPFs and SPFs under the unclamped condition are reduced 
in  size presumably as a  result of trauma  of the double impalement required  for 
voltage clamp. Cell was clamped at the resting potential, -70 inV. 
Fig. 12 shows responses to 10-ms flashes of different intensities. The variability 
and  average  latency  of  the  responses  are  inversely  related  to  intensity.  For 
example,  the dimmest  flashes (log I  =  -5.5)  elicited LPFs with latencies ranging 
from  120  to 220  ms,  whereas  the  most intense  flashes elicited responses  with  a 
nearly  constant  latency  of  ~90  ms.  The  sequence  of  recordings  shows  a 
transition  from  the  unitary  LPF response  at low intensities to a  more  complex 
response  at higher  intensities. The  complex  responses appear  to be composed 
of a single LPF followed by one or more SPFs which sum with the repolarizing 552 
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FIGURE 10.  Histograms of current-wave amplitudes as a  function of light inten- 
sity. Cell was bathed in organ culture medium and clamped at the resting potential, 
-75  inV. Current-wave responses were  averaged over about a  3-rain period for 
each of the  four conditions. Individual waves were  readily differentiated under 
each of the four experimental conditions. At the highest test intensity, log I =  -3, 
current waves were elicited at an average rate of ~3.5 waves/s. 
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FIGURE 11,  The shape of the LPF. Oscillograph recording showing six LPFs and 
one SPF from a single cell bathed in culture medium. The base line represents the 
resting potential of the cell, -90 mV. Responses were elicited by 10-ms flashes of 
monochromatic light (540 nm, log I =  -5.5). Note that an LPF generally consists of 
a  depolarizing prepotential, a  rapid  depolarization  phase,  and  a  repolarization 
which has an inflection (notch) at -8 mV from the LPF peak. The final exponential 
decay of the LPF is not displayed. The prepotentia| is presumably an SPF. BAYER AND  BARLOW  Photoreceptor  Cells of Limulus in Organ Culture Medium  553 
phase of the  LPF.  The  relatively smooth  repolarization  phase  at log I  =  -3.5 
may reflect the summation of a  number of SPFs of reduced  amplitude.  Such a 
reduction  in  SPF  amplitude  could  result  in  part  from  the  decrease  in  gain 
(current/photon)  that occurs after the  onset of the  light stimulus  (Lisman and 
Brown,  1975). 
The amplitude of the LPF can be reduced by a  preceding LPF. Fig.  13 shows 
that  the  magnitude  of the  amplitude  reduction  is  a  function  of the  interval 
between  two LPFs.  Intervals between  flashes near threshold  were varied  from 
300  ms to  1.5  s.  For  the  shortest  interval  of 300  ms,  the  second  flash did  not 
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FIGURE 12.  Responses of a ventral photoreceptor cell in culture medium to brief 
flashes. Records were taken from a storage oscilloscope which was triggered by the 
10-ms flash of monochromatic light (540 nm). Flash onset occurred at the beginning 
of the traces. The base line in each record represents the cell resting potential (-90 
mV). The cell responded to -50% of the flashes of log I =  -5.5, which corresponds 
to an absorption of -10 photons/flash per cell. The cell responded to every flash of 
log I  =  -4.5 and greater. Note that as light intensity was increased, the response 
changed  from  unitary  LPFs  to a  more complex response.  At  log I  =  -3.5  the 
transient component of the receptor potential has begun to form after a notch in 
the repolarization phase of the LPF. Also note the smaller variability and shorter 
latency of the responses to the higher flash intensities. 
produce  an  LPF but  instead  elicited  what appears to be an  SPF on  the  falling 
phase of the  first LPF.  After a  500-ms  interval,  the  second  flash  produced  an 
LPF with  an  amplitude  reduced  by 5  inV.  With  progressively longer  intervals 
the  amplitude  of  the  second  LPF  gradually  increased  and  after  -1.5  s  no 
changes in amplitude were evident. Similar results have been obtained when the 
first LPF was produced by anodal break excitation with hyperpolarizing currents 
of-0.2  nA. 
Tetrodotoxin at concentrations of up to 1 /~M did not affect either the size or 
shape of the LPF. A  similar result was observed by Dowling (1968) for eccentric 
cells  of  the  lateral  eye,  and  also  Chappell  and  Dowling  (1972)  reported  a 554  THE  JOURNAL  OF  GENERAL  PHYSIOLO(;Y  '  VOLUME  72  ￿9 1978 
tetrodotoxin-resistant  component in the spike-like response recorded  from the 
dragonfly. 
In summary, the data in Figs.  11,  12,  and  13 are consistent with the idea that 
LPFs are regenerative potentials triggered by SPFs. This point is taken up in the 
Discussion. 
Membrane Current Measurements 
LIGHT-INDUCED CURRENTS  Fig.  14  gives  the  intensity  functions  for  the 
transient and steady-state responses of a cell bathed in the culture medium. The 
unclamped  receptor  potentials  (0)  and  clamped  membrane  currents  (￿9  are 
plotted  as  functions  of light  intensity.  We  note  that  integrating  the  receptor 
response to produce the steady-state functions does not show either the voltage 
or  current  fluctuations  that  are  characteristic  of  the  responses  to  low  light 
intensities. 
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FIGURE 13,  LPF adaptation. Shown are the responses of a cell in culture medium 
to pairs of 10-ms  flashes of white light of log I  -=  -7.5.  The flash intensity was 
chosen  to elicit  an  LPF response  --75%  of the  time.  Results  for four interflash 
intervals are shown. The response to the first flash of each series is an LPF of -60 
mV.  The  response  to  the  second  flash  shows  some evidence of adaptation  for 
intervals  <1  s.  The second flash appears to have elicited  an SPF at the shortest 
interval (0.3 s). 
Both the steady-state response functions in Fig.  14 contain a plateau region at 
the midrange of light intensities.  It is interesting to note that a plateau region is 
also characteristic  of the  intensity-response  functions  recorded  from retinular 
cells of the  lateral eye in situ  (Barlow and  Kaplan,  1977).  Both of the transient 
curves  are  monotonic  increasing  functions  in  the  midrange  of intensities.  At 
high intensities the amplitude of the initial transient potential saturates, whereas 
that of the current increases at a nearly constant rate. Transient responses were 
not detectable  for intensities below the  plateau  region.  Measurements of light- 
induced currents were not made from cells bathed in seawater. 
VOLTAGE-INDUCED CURRENTS  Fig,  15  gives  the  current  responses  of  a 
photoreceptor  cell  under  voltage  clamp  to  a  series  of  rectangular  command 
potentials.  The  dark-adapted  cell  was  bathed  in  the  organ  culture  medium 
throughout  the  experiment.  The  cell  membrane  potential  was  held  at  the 
resting  potential,  -80  inV.  For  hyperpolarizing  (not  shown  here)  and  small 
(<20 mV) depolarizing COulmand steps away from resting potential,  the  mere- BAYER  AND  BARLOW  Photoreceptor Cells of Limul~ in Organ Culture Medium  555 
brane behaved as a passive resistance  of -30  MD. The membrane currents were 
<1.0 nA. For depolarizing command  steps >20 mV, there were two components 
of  the  membrane  current,  an  initial  component,  and  a  delayed  outward 
component.  The  initial  current  for command  potentials  between  -60  and  -25 
mV  was  inward.  The  initial  current  reversed  at  -25  mV  and  became  outward 
E 
_J 
t,- 
z  oJ 
0 
(.9 
Z 
I-- 
09 
0 
z 
0 
N 
_1 
W 
Q 
75 
60 
45 
30 
15 
P  / 
TRANSIENT  / 
/ 
MV 
/  , 
/ 
/ 
/ 
,d  NA 
/ 
/ 
/ 
0 
~250 
2OO 
150 
I00 
5O  v 
t- 
z 
r~ 
r 
bJ 
.0 
STEADY  STATE 
fl  0 
30  Mv /  -  o/~  6 
ZO  ~  /  NA 
/  ~176176  J~ 
I0  /  3 
")"  ~  ,  .-~  ,  i  ,  ,  --.-J 
LOG  I 
FIGURE  14.  Intensity-response  functions  of  a  ventral  photoreceptor  cell  for 
unclamped and voltage-clamp conditions. Cell was bathed in culture medium and 
exhibited LPFs.  Under voltage clamp the holding potential was at -70 mV, the cell 
resting potential.  Cell was dark-adapted for 15 min before beginning the series and 
for 2  rain between  successive  trials.  Data points were taken from the least intense 
(log I  =  -7.5) to the most intense (log I =  0) flashes, switching alternately from the 
unclamped to the voltage-clamp condition. Transient responses were not observed 
for intensities below log I =  -5. Cell voltage could be clamped during the transient 
response for intensities up to and including log I =  -3.  For log I =  -2 and -  1 the 
data points underestimate  the transient current inasmuch as the cell voltage could 
not be held to within better than 5 mV of the holding potential during the transient 
phase. 
for more  positive  commands.  These  results  are  more clearly  seen  at the higher 
gain  setting in the lower half of Fig.  15.  The amplitude,  time-to-peak,  and total 
duration  of  the  initial  current  depended  upon  the  command  potential.  The 
time  necessary  to  reach  peak  initial  current  decreased  from  20  ms  for  a 556  THE  JOURNAL  OF  GEN~.RAL  PHVSIOLOGY -  VOLUME  7~  "  [~7~ 
command potential of -65 mV to -5  ms for command potentials  more positive 
than 0 mV, The maximum amplitude of the peak inward current was approxi- 
mately 15 nA for command voltages of -40 inV. 
Fig.  16 shows typical current-voltage (I-V) relations  for the  ventral  photore- 
ceptor cell measured at two times after the onset of voltage commands: 5-20 ms 
for  the  peak  initial  current  and  50  ms  for  the  delayed  current,  For  clamp 
potentials  between  -100  and  -70  mV,  the  membrane  currents  are  time- 
independent.  Between -70 and  -25 mV, the I-V relation for the initial current 
I00  nA 
I  I0  nA 
20 ms 
FIGURE 15.  Current  responses  of a  ventral  photoreceptor cell  to  depolarizing 
clamps. Direction of inward current is down. Holding potential of the cell was -80 
mV. Lower record shows currents induced by command potentials of -80,  -70, 
-60,  -50,  -40,  -30,  and  -20  inV.  Upper  record show currents  to commands 
from -80 to +30 mV in 10-mV steps. Beginning of each trace represents the onset 
of the  command  pulse.  Earliest  detectable  current  is  the  tail  of the  capacitive 
current surge. In the lower record the initial  membrane current to commands of 
-80,  -70, and  -60 mV is passive.  To commands of -50,  -40, and  -30 mV, the 
current is  inward.  The current reverses at  -  -25  inV.  The latency to the  peak 
initial  current decreases as the conmaand w)ltage is increased. In the upper record 
the  initial  inward  currents  cannot  be  resolved.  The  cell was  bathed  in  culture 
medium and generated LPFs when not under voltage clamp. 
is highly nonlinear.  Over this region the clamp currents are inward, indicating 
an electrically active membrane process. For membrane potentials more positive 
than  -25 mV, the I-V relation for the initial current is nearly linear with a slope 
resistance  of -0.25  MI-I.  The I-V  relation  for the  delayed  outward  current  is 
approximately  linear  for  membrane  voltages  more  positive  than  -  -40  mV, 
with a slope resistant of -1  M~. 
DISCUSSION 
Taken  as  a  whole,  our  results  underscore  an  earlier  finding  of  Barlow  and 
Kaplan  (1971);  namely, the  physiological properties of Limulus  photoreceptors 
bathed  in  artificial  seawater  may  not  accurately  reflect  the  properties  of BAVEg AND BARLOW  Photoreceptor CelLs" of Limulus  in Organ Culture Medium  557 
receptors  in  situ.  Our  recordings  from  ventral  photoreceptor  cells  in  organ 
culture  medium match closely those from retinular cells of the lateral eye in situ 
(Barlow and  Kaplan,  1977), whereas recordings  from ventral photoreceptors in 
seawater generally do not. These observations may have general application. 
Our  point  is  not  that  Limulus  photoreceptors  or  any  other  physiological 
preparation  must  be  maintained  in  a  culture  medium  in  order  to  yield 
meaningful  results.  Indeed,  the  data  recorded  from excised Limulus  photore- 
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FIGURE 16.  I-V  characteristics  for  a  ventral  photoreceptor  cell  in  the  culture 
medium. (Q) The initial membrane currents to rectangular command voltages. (￿9 
The currents at 50 ms. Time fi'om the onset of the clamp command to the peal 
initial current varied from 20 ms at -65 mV to ~5 ms for commands more positive 
than  0.  Holding  potential  was at  -80  mV,  the  cell  resting potential.  When  not 
under  voltage clamp the  cell  elicited  LPFs.  Cell  was  dark-adapted  for ~30  min 
before the experiment. 
ceptors  in  seawater have contributed  significantly  toward  understanding  basic 
mechanisms  of  visual  excitation,  visual  adaptation,  and  neural  integration. 
Rather we suggest that bathing a  preparation in an organ culture  medium may 
improve the quality of results and thus benefit several areas of research in visual 
physiology. 
We discuss below the general physiological characteristics of ventral photore- 
ceptors  in  culture  medium  and  how  these  characteristics  compare  with  those 
reported elsewhere for Limulus photoreceptors. 558  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  72  ￿9  1978 
Discrete Waves 
Fig. 2 shows that a  ventral photoreceptor cell in culture medium exhibits two 
types of discrete waves, LPFs and SPFs. Kaplan et al. (1973) recorded LPFs and 
SPFs from retinular cells of preparations bathed in an organ culture medium, 
and Barlow and Kaplan (1977) recorded both types of potentials from the lateral 
eye in situ.  Under optimal conditions, Dowling (1968) was able to record similar 
potentials from retinular cells of excised lateral eyes. 
Most  studies of discrete  wave activity in Limulus  photoreccptors,  however, 
have not reported LPFs and SPFs (for a review, see Fuortes and O'Bryan, 1972). 
These  studies,  which  were carried  out on  excised eyes in  artificial seawater, 
frequently reported two types of discrete waves:  either "fast" and "slow" waves 
(Adolph, 1964), or "S" and "L" waves (Borsellino and Fuortes, 1968; Srebro and 
Behbehani,  1971). The  results  are  not  in  general  agreement.  Adolph  (1964) 
proposed that the fast wave was a regenerative response based on the fact that it 
appeared to be preceded by a prepotential. Borscllino and Fuortes (1968) found 
that  L  waves  predominated  in  some  cells,  S  waves  predominated  in  others, 
and frequently one wave type would be absent altogether. They found a greater 
dispersion of latencies for L waves than for S waves. To explain the properties 
of the  generator  potential,  they proposed  a  model  of discrete  wave  activity 
which basically was an extension of an earlier compartment model proposed by 
Fuortes and Hodgkin 0964). 
In a similar study Srehro and Behbehani (1971) found the latency distributions 
for S and L waves to be the same. They indicated that the model proposed by 
Borsellino and Fuortes was insufficient to account for this result and proposed 
instead  a  scheme  in  which  L  waves  represent  propagated,  regenerative  re- 
sponses,  and  S waves, nonpropagated responses. They subsequently rejected 
the idea that the L wave was a regenerative response (Behbehani and Srebro, 
1974). 
In  each of the above  studies the  data were  recorded  from photoreceptors 
bathed  in  artificial  seawater.  The  different results  and  interpretations  may 
therefore  reflect  the  physiological state  of the  individual  preparations.  Our 
results in Figs. 4 and 6 indicate that the characteristics of a ventral photoreceptor 
cell  change  after  the  cell  is  placed  in  artificial  seawater.  Both  membrane 
potential and cell resistance are generally rcduced in size (see Table II), and as 
a  consequence a  given current wave would produce a  reduced voltage wave. 
The relatively small sizes of fast and slow  waves reported in the above studies 
may therefore result from a shift in resting potential. For example, a  shift in 
resting potential entirely into or through the negative resistance region of the I- 
V characteristic (Fig. 16) would reduce or perhaps eliminate the effectiveness of 
a current wave in eliciting a regenerative response. The deteriorated condition 
of some cells in seawater may be sufficient to eliminate the electrical excitability 
of the photoreceptor membrane. 
Behbehani and Srebro (1974) reported bimodal distributions of discrete wave 
sizes for both voltage-clamp and unclamped recordings from ventral photorc- 
ceptors in seawater. They found that the percentage of small waves increased 
when  a  second  electrode  was  inserted  into  a  cell  and  suggested  that  the BAYER ANt)  BARLOW  Photoreceptor Cells of Limulgs  in Organ Culture Medium  559 
population of smaller waves resulted from damaged patches of cell membrane. 
Our  results  in  Fig.  9  show  that  ventral  photoreceptors  in  an  organ  culture 
medium  yield  a  bimodal  distribution  of  discrete  waves  for  the  unclamped 
condition and a  unimodal distribution  under voltage clamp.  However, we also 
found  an  increase  in  small  waves (-<1 mV)  upon  penetration  of a  cell  with  a 
second electrode, but the increase was not significant relative to the frequency 
of SPFs and LPFs. One effect of bathing cells in an organ culture medium may 
be to minimize the relative number of damaged membrane patches. 
Yeandle  and  Spiegler  (1973)  reported  that  a  ventral  photoreceptor  cell 
generates two statistically independent classes of waves, large light-evoked waves 
and  small  spontaneous  waves.  They  found  that  increases  in  light  intensity 
increased  the  relative  proportion  of large  waves.  For  singly  impaled  cells  in 
organ  culture,  we found  that  both  classes of discrete  waves,  LPFs and  SPFs, 
occur spontaneously in the dark and may be elicited by light. The frequency of 
occurrence  of LPFs  relative  to  SPFs  decreases  with  light  intensity,  an  effect 
which appears to reflect the regenerative nature and refractory characteristic of 
the LPF (Fig.  13). For doubly impaled cells we observed a slight increase in the 
proportion of small waves, an effect which may result from membrane damage. 
The  relative  frequency  of the  smallest  population  of current  waves (-<1 nA) 
decreases  with  increasing  light  intensity  (Fig.  10),  a  result  similar  to  that 
reported by Yeandle and Spiegler (1973). 
Nature of the Large Potential Fluctuations (LPFs) 
LPFs appear to be regenerative events produced by the electrical excitability of 
the photoreceptor membrane.  Properties which point to a regenerative process 
are  as  follows.  First,  the  peak  of  the  depolarizing  potential  of  the  LPF  is 
followed initially by a rapid  phase of repolarization  (8 mV) and  then by a slow 
phase  of  repolarization  (Fig.  11).  Second,  the  peak  amplitude  of  the  LPF 
depolarization  has  a  fixed  value  of -  -25  mV.  Third,  depolarizing  voltage 
clamps reveal substantial  inward  currents  indicative of an  electrically excitable 
membrane  (Fig.  16).  And  finally,  small  current  pulses  which  depolarize  the 
photoreceptor membrane potential into the "negative resistance" region of the 
I-V characteristic,  between -60 and  -40 mV,  generate  all-or-none  LPFs.  The 
membrane  behaves  passively  for  depolarizations  from  resting  potential  to  < 
-60 mV, and LPFs are not elicited. 
The  peak amplitude of the LPF depolarization  (-25 mV;  Fig.  11) has about 
the same value as the reversal potential  for the initial inward current observed 
under  voltage  clamp  (Fig.  16).  Lisman  and  Brown  (1971)  reported  a  similar 
value for the  reversal  potential  of inward  current.  Such a  reversal  potential  is 
not readily interpreted  in terms of a  single ion.  The equilibrium  potentials of 
sodium and calcium are too high  and  those of potassium and  chloride appear 
too low. It is possible, however, that the observed reversal potential reflects the 
increase in conductance to two ions such as calcium and potassium. 
LPFs appear to be triggered by SPFs. This result is suggested by the finding 
that  LPFs are often preceded by slow depolarizing  potentials (Figs. 2,  11, and 
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prepotentials of --20 mV which is approximately the peak amplitude of the SPFs 
recorded  from  this  cell.  Barlow  and  Kaplan  (1977) also  observed  that  SPFs 
appear to trigger LPFs in retinular cells of the Limulus lateral eye. 
THE  SPIKE-LIKE RESPONSE  Responses  of  ventral  photoreceptors  to  in- 
creases in flash intensity change from a unitary LPF to a response with the fast 
rising phase of the LPF followed by a graded, depolarizing component (Fig. 12). 
At  the  highest test  intensities  the  graded  component overshadows the  LPF. 
What remains is an inflection on the rising phase of the response. For flashes of 
greater  duration,  this  combined  response  is  the  transient  of  the  receptor 
potential. 
Others  have detected the initial fast rising phase  of receptor  potential and 
generally termed  it  the  spike-like  response  (Benolken,  1959; Yeandle,  1967; 
Millecchia,  1969; Wulff and  Mueller,  1973), A  similar spike-like response has 
been reported for retinular cells of the honeybee drone eye (Bauman, 1968) and 
for cells  of the  dragonfly eye (Chappell  and  Dowling,  1972). In Limulus  the 
differences between  the  spike-like  responses  and  LPFs  appear  minor.  Both 
potentials may result from the same regenerative membrane process. The fact 
that the spike-like response can be  recorded from Limulus  cells  which do  not 
exhibit LPFs may reflect changes in the membrane characteristics. Specifically, 
in healthy cells with large membrane resistance, small currents (5 nA) can shift 
the transmembrane potential rapidly through the negative resistance region of 
the I-V  characteristics and thereby elicit a  regenerative response.  In  partially 
deteriorated cells having lower membrane resistance, small currents are ineffec- 
tive, but large currents can elicit regenerative responses for cell resting potential 
>-  -40  mV,  the  potential at which the  slope of the initial current function 
changes sign. 
Photon Sensitivity at Threshold 
Yeandle (1958) first observed discrete waves in the lateral eye of Limulus  and 
suggested that they resulted from the absorption of single photons.  He based 
his conclusion on the random occurrence of discrete waves at low light levels 
and  the  fact  that  the  probability  of their  occurrence  as  a  function of flash 
intensity  could  be  described  approximately  by  a  Poisson  sum  of  n  =  1. 
Supporting evidence has been reported by Adolph, 1964; Fuortes and Yeandle, 
1964; Borsellino and Fuortes, 1968; and Barlow and Kaplan, 1977. 
The generation of discrete waves by single photon events is also apparent in 
our records from ventral photoreceptor cells.  Note that in Fig. 8 the Poisson 
curves indicate a threshold of one photon, but the abscissa gives a value of 12 
absorbed  photons.  Such discrepancies were common and  may indicate a  low 
value  for  the  quantum  efficiency of eliciting discrete  waves  or  an  error  in 
estimating the number of absorbed photons. 
Stronger evidence that a single photon event can elicit a discrete wave is the 
linearity of the  response  rate  in  Fig.  7.  Rough  estimates of the  number  of 
absorbed photons in Figs. 7 and 8 yield quantum efficiencies of -0.1. Measure- 
ments from other ventral eye preparations  yield values ranging from 0.03  to 
0.13. Quantum efficiencies of 0.05-0.2 have been reported for cells of the lateral 
eye (Kaplan and Barlow, 1976). BAYER AND BARLOW  Photoreceptor Cells of Limul~ in Organ Culture Medium  561 
Intensity-Response  Function 
The  intensity  function  for  the  steady-state  response  of  cells  in  the  culture 
medium  contains  a  prominent  plateau  (Fig.  6).  This characteristic  shape  may 
have  several  contributing  factors.  First,  the  intensity  function  for  membrane 
current contains a  plateau over the same range of intensities (Fig.  14).  Second, 
the steady-state I-V  characteristic exhibits substantial  rectification between  -70 
and -40 mV (Fig.  16). Over this voltage range the cell resistance decreases from 
-30 MI~ to 1 MI) and thereby reduces the effectiveness of light-induced current 
in producing membrane depolarization. Third, LPFs are the principal compo- 
nent of the receptor potential at low intensities and  SPFs predominate at high 
intensities (Fig. 5). The shift from LPFs to SPFs at intermediate intensities may 
influence the  shape  of the intensity function  (Barlow and  Kaplan,  1977).  The 
first of these possibilities may not be an important factor because cells have been 
recorded which exhibit a  plateau in the intensity function for receptor current 
but do not show a plateau in the function for receptor potential (Lisman,  1971). 
Membrane  rectification  could  be  a  contributing  factor  because  cells  which 
exhibit  substantial  rectification  for  hyperpolarizing currents  produce  distinct 
plateaus.  The  shift  from  LPFs  to  SPFs  may  contribute  in  conjunction  with 
membrane rectification inasmuch as small depolarizing currents generate LPFs 
only in cells with high membrane resistance. 
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